Abstract-Parylene is an emerging material for MEMS. It is an organic material that is grown by using the chemical vapor deposition method at room temperature. The deposition thickness is commonly controlled by the amount of solid-phase dimer loaded in a sublimation chamber. In a conventional deposition machine, the end point of the process is designated by the moment the dimer is exhausted. However, this end-of-process criterion does not offer precise, repeatable control of film thickness. We present the results of the development of an in situ end-point detector for a Parylene chemical vapor deposition process. The detector is based on the thermal transfer principle and can be implemented on commercial Parylene deposition systems with minimal system modification. Such a sensor enables a user to stop the deposition when a targeted thickness is reached. The end point detector is very simple to implement on existing Parylene deposition systems. A series of such sensors with different target deposition thickness would allow extraction of the actual deposition rate within a deposition run.
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I. BACKGROUND T HE chemical vapor deposition process of Parylene (polypara-xylylene) is well established [1] . Parylene is a dielectric polymer material that may be grown by chemical vapor deposition methods at room temperature. It is an exceptionally conformal coating material with very low pinhole density. The intrinsic stress of Parylene is relatively low compared with that of silicon oxide and silicon nitride. Due to its unique ability to seal and encapsulate [2] , the material is useful for telecommunications, semiconductors, micromachining, and document preservation, etc. In recent years, Parylene has been used to fabricate micro electromechanical devices such as microfluidic circuits [3] , [4] , micro-injectors [5] , and valves/pumps [6] , to name a few. Since the film is used to function as a mechanical structure, the thickness becomes an important parameter that determines the performance specifications of sensors and actuators.
At present, it is difficult to predict and control the deposition thickness. The method for controlling the thickness is to preload the deposition system with a controlled amount of dimer material. The end-of-process criterion is the complete sublimation of all dimer material. One major manufacturer of Parylene deposition systems predicts that final Parylene thickness can be controlled to within 10% of desired thickness using this method. This degree of accuracy may not be satisfactory for many MEMS applications, however. Actual experimental data gathered at our laboratory demonstrates that the Parylene thickness exhibits even greater run-to-run variance than the manufacturer suggests (see Fig. 1 ). Many factors, including changing baffle geometry due to prior deposition and inexperience of user, inevitably contributes to the unpredictability of the thickness. The inaccuracy of predicting and controlling the deposition thickness is especially problematic when the deposition thickness is small (e.g., less than 5 m). In the same token, it is even more difficult to predict the duration of a process. In our laboratory, 50% run-to-run time variation for the same target thickness has been found.
We have developed an in situ end-point detector for accurately monitoring the deposition thickness of Parylene. The deposition process is to be stopped when the desired thickness is reached; preferably before the preloaded dimer material is exhausted. The sensor should satisfy a number of criteria. For example, we believe it is important to be able to implement the sensor in commercial Parylene deposition systems with minimal modification to existing machines. The sensor should be inexpensive and use simple electronics for signal processing. The sensor should be small to avoid interfering with the deposition process. 
II. PRINCIPLE OF PARYLENE END-POINT DETECTOR
The schematic diagram of the Parylene sensor is shown in Fig. 2 . The sensor consists of a heating element and a temperature sensor. The heater and the temperature sensor are located at distal ends of two diving-board-type cantilever beams. The distance between the distal ends of the two cantilever beams, denoted , is well defined in the mask layout. Using microlithography, the size of the gap can be accurately defined.
The heater, made of thin-film metal coil, generates ohmic heating when an electrical current passes through. This heat may be transmitted to the sensor by two possible heat-transfer modes. Under the first transfer mode, the heat can be conducted through the gap between the distal ends of the two beams if a thermally conducting medium (such as air or Parylene) is present. Under the second transfer mode, the heat can travel the lengths of the two cantilever beams and the supporting silicon substrate. Obviously, the second heat transfer mode involves a much longer heat conduction path and greater thermal mass.
Parylene is deposited in a low-pressure environment, with the typical deposition pressure ranging from 20 to 40 mtorr. When a sensor with an open gap is placed in a vacuum, the thermal conduction through the gap is negligible. The second heat transfer mode dominates at this point.
As Parylene is deposited in a conformal fashion, the distance between the two distal ends of cantilevers is gradually reduced [see Fig. 3(a) ]. When the Parylene thickness reaches , the two Parylene fronts will meet, thereby filling the gap and completing a thermal conduction path [see Fig. 3(b) ]. As the gap is filled with Parylene, a thermally conducting medium, heat can be transferred by both the first and the second transfer modes. Heat generated by the heater now has a "thermal short-cut" to reach the temperature sensor. This change of thermal transfer characteristic is used to infer the process end point. A single sensor with a gap can indicate when the Parylene thickness reaches d .
Experimentally, there are two ways to identify the end point. The first method involves evaluating the time response of the temperature sensor when heat pulses are applied. The thermal time constants associated with the two transfer modes can be made vastly different by design. Specifically, the time constant associated with the first mode could be much shorter than that of the second mode. The second method is to measure the steadystate temperature of the sensor under constant power input to the heater. We conjecture that the spatial distributions of temperature before and after the gap closing will be significantly different. The temperature of the sensor is expected to increase after the gap is closed.
It is noteworthy that microfabrication technology is essential for the successful implementation of such an end-point detector. Optical lithography and micromachining allow the cantilever beams to be narrow and thin, thereby reducing the heat transfer from the heater to the substrate. This increases the time constant associated with the second heat-transfer mode, allowing the presence of the first transfer modes to be detected easily. It also reduces unnecessary heat loss and power consumption. Furthermore, optical lithography is critically important to precisely define the gap distance .
III. SENSOR DESIGN AND FABRICATION
The configuration of a typical sensor is shown in Fig. 4 . The thickness of the cantilever beams is 40 m. The value of the effective thermal resistances associated with the temperature sensor and the heater are , assuming that the thermal conductivity of silicon is 149 . Generally speaking, it is advantageous to use thin and narrow beams to increase the thermal resistances. However, metal coils (heater) and associated wire leads exhibit intrinsic stress, which may bend the supporting cantilever beams. The bending could become significant compared to the gap spacing if the silicon beam is overly thin. This would alter the effective distances between the heater and sensor. In our studies, space distortion has been found in samples with the cantilever beam thickness being less than 8 m. On the other hand, if the beams are overly thick, the heat transfer associated with the heater and temperature sensor will be reduced. The device would require more power to operate.
To avoid distortion of gap spacing due to intrinsic stress, we use single crystal silicon for the cantilever beams. Single crystal silicon material has very little intrinsic stress. The thickness of the beams is carefully controlled in process.
The sensor fabrication process is described as follows. Starting with a -oriented silicon wafer, we grow thin thermal oxide as a mask for doping. We then perform selective doping to form the silicon thermistor. Thin-film metal (200-nm-thick gold) is evaporated and patterned to form heating resistors. Bulk etch is performed from the backside of the wafer, using either deep reactive ion etching (DRIE) or anisotropic silicon etching. The wafer is etched to a predetermined depth. The thickness of the resultant single-crystal silicon membrane is controlled by timed etch. This is followed by reactive ion etching from the front side to define the cantilever beam. The heater and the temperature sensors are located at distal ends of two cantilever beams.
An optical micrograph of a sensor before the gap is closed is shown in Fig. 5 . The scanning electron micrograph of the gap between the heater and the sensor for a typical device is shown in Fig. 6(a) . An SEM micrograph of an array of such sensors with varying gap sizes is shown in Fig. 6(b) . Using an array like the one shown in Fig. 6(b) , we conjecture it would be possible to extract the continuous etch rate of the Parylene process by timing prescribed stops. A comprehensive characterization of this operation mode was not carried out in our current studies. 
IV. SENSOR CHARACTERIZATION

A. Temperature Sensitivity
We first calibrate the temperature sensitivity of the doped silicon resistor. We measure the change of resistance as a function of the substrate temperature by placing the chip on top of a temperature-controlled stage. The resistance changes with respect to the stage temperature in a linear fashion. The temperature coefficient of resistance (TCR) is found to be 0.14%/ C.
B. Substrate Heating
We have experimentally proven that, if power is applied to the heater for an extended period of time, the substrate of the sensor will be heated to a higher temperature. We recorded the change in resistance value of a thermistor as square-wave power pulses are applied (see Fig. 7 ). The magnitude of the input voltage is 5 V. The input power during the on state is 0.1 W. It is shown that the time constants associated with the heating and cooling processes are 336.8 s and 145 s, respectively. The time constants for two other sensors with identical cantilever design are within 1% of the above-mentioned values. The temperature difference between the unheated and the heated case is 16.9 C, based on the known TCR value.
Incidentally, we discovered that the thickness of the deposited Parylene is much lower if the chip substrate is at a constant elevated temperature. For example, if power is continuously applied to the chip during a 4-h deposition, the thickness of Parylene on the two cantilever beams is less than 0.1 m while the thickness elsewhere in the chamber is 12 m. Detailed investigation of this phenomenon is currently being conducted. A detailed study of this effect, though interesting, is outside the scope of this sensor development work. Nonetheless, we concluded that the power to the heater must be provided in short pulses to interrogate the sensor. This would avoid significantly raising the temperature of the substrate.
When an electric current is temporarily applied to the heater, the temperature rise would cause the cantilever to bend slightly due to thermal bimetallic actuation. Likewise, the current used to interrogate the resistance of the thermal resistor, being on the order of several mA, also may cause deflections. The horizontal displacement components of the ends of two opposing cantilevers would vary the gap spacing (see Fig. 8 ).
In the following, we provide analysis to shown that this effect is negligible.
For a bimetallic cantilever, the radius of curvature is denoted and the length is denoted . The amount of change of horizontal spacing is . The amount of vertical displacement at the end of cantilevers is . We estimate the value of by assuming a moderate temperature rise (10 C) on both heater and sensor cantilevers (with dimensions specified in Fig. 4) . The horizontal displacement of the end of each cantilever is approximately by using Taylor series expansion, with being much greater than . The cantilever for the heater consists of two segments with different width (Fig. 4) . For order-of-magnitude estimation, we assume the width of the entire cantilever is 120 m.
Based on existing formula [7] , the values of for the sensor cantilever and the heater cantilever are roughly 38 m and 39 m, respectively. Here, we assume that the thickness, thermal expansion coefficient, and Young's modulus of the metal layer (Au) is 0.2 m, C, and 57 KPa, respective. For the silicon layer, the thickness, thermal expansion coefficient, and the Young's modulus are estimated as 40 m, C, and 190 KPa. The value of contributed by both cantilevers, is approximately . This is much less than the initial gap size. Therefore, the distortion of the gap due to heating can be ignored.
C. Measurement Setup
The schematic diagram of a measurement system is Fig. 9 . We applied the sensor to a commercially available PDS 2010 Labcoter 2 deposition system. Because the system is not equipped with vacuum-sealed electrical access wires, we have modified the observation window to provide electrical access. The observation window, made of glass or plexiglass, can be removed easily from the vacuum dome. Holes are drilled in a replacement window to allow wire leads to pass through. The holes are then sealed using an epoxy material. A sensor chip is located inside the vacuum dome using a machined rack. The power supply and ohmmeter are located outside the vacuum dome. A computer provides long-term direct data acquisition (at 0.5 s intervals) from the ohmmeter through an RS-232 link. A photograph of the setup is shown in Fig. 10 .
The accuracy of the end-point detection sensor is dependant on the length of intervals between interrogating heating pulses as a fraction of the total deposition time. If the gap-closing event occurs between two interrogation pulses, the sensor would not know it until the next pulse arrives. Suppose that the interval is and the total deposition time is , the percentage margin of error is given by . In order to increase the accuracy, it is advantageous to reduce . However, the value of cannot be reduced arbitrarily as frequent heating may cause the local Parylene deposition thickness to change. We are currently conducting a systematic investigation to determine the minimal value of without compromising the deposition profile. However, there is theoretically no limit to the accuracy. For example, it may be possible to use redundant sensors in one deposition chamber and interrogate multiple sensors sequentially to reduce the effective time interval, .
D. End-Point Sensing
We monitor the resistance of the temperature sensor throughout courses of deposition runs by applying square-wave pulses with a constant magnitude (5 V) and pulse width (5 s). The average interval between pulses is 5 min. We believe that this brief heating does not cause sufficient substrate heating to disrupt the thickness of the local Parylene deposition. The resistance output of the sensor during a typical run is shown in Fig. 11 . The thickness of the deposited Parylene material is independently verified by measuring the Parylene thickness on companion wafers using surface profilometry. A section of Parylene film is manually peeled off. A surface scan is conducted across the edge of the tear. During a typical run that lasted 1 h, 15 peaks are registered, corresponding the application of 15 power pulses. The general appearance of the first ten peaks is different from that of last five peaks. We conjectured that the appearance indicates whether the gap has been bridged. A typical waveform selected out of the first ten peaks is shown in Fig. 12 . As the power is suddenly increased, the resistance (and therefore temperature) of the sensor increases exponentially with a measured time constant on the order of hundreds of seconds. After the power is cut off, the resistance value gradually returns to the original level.
A representative plot of the last five peaks is shown in Fig. 13 . It is obvious that the resistance of the temperature sensor changes rapidly upon application of the power. This rapid change is caused solely by the fact that the heat pulse travels directly across the gap, now bridged by Parylene, to the temperature sensor. The rate of resistance change then slows, indicating that the substrate heating effect has taken over. After the power is turned off, it is again seen that the resistance decreases rapidly before the substrate heating effect catches up.
We performed 12 Parylene deposition runs using 12 sensors with different gap spacing ( , 1, 2, 2.5, and 5 m). The actual measured thickness is plotted against the target thickness (see Fig. 14) . The inaccuracy of data can derive from many sources, including inexperience of using the sensor at this point, as well as random and systematic sensor errors (e.g., gap size variation). We believe the accuracy will further improve with greater number of runs and more expertise in using the sensor. Nonetheless, the effectiveness of the end point sensor is clearly illustrated. The micrograph of a sensor with fully deposited Parylene is shown in Fig. 15 .
V. CONCLUSION
An end-of-process monitor for Parylene deposition has been designed, fabricated, and tested. The sensor, based on thermal transfer principles, consists of a heater and a temperature sensor separated by a well-defined gap, . When the Parylene deposition reaches , the heat can conduct through the gap, in addition to conduction through the substrate. The thermal signature is used to determine the gap-closing event. We have found that the end point can be identified by the time constant of the heating and cooling process. Preliminary results of thickness control have been obtained.
